Abstract Ferroelectric domains are engineered in lithium niobate crystals by scanning strongly absorbed UV laser light across the crystal surface. Focused UV laser light can not only write, but also erase previously written domains on the non-polar faces of lithium niobate, which allows tailoring of domain patterns. Such domain pattern were generated and afterwards investigated by piezoresponse force microscopy and hydrofluoric acid etching. It was found that domains with dimensions down to 2 µm can be engineered, which was ∼30% of the focus beam diameter (7 µm) used for writing the domains. Additionally, it was found that an unique domain depth profile can be formed, which is inclined to the crystallographic axes and can be described as 'halfcrescent-shaped'.
quasi-phase matching, which requires periodic poling of the ferroelectric crystal at few micron or even submicron length scales [1] . Lithium niobate (LiNbO 3 ) has become the material of choice for applications in the visible and near-infrared wavelength range due to its excellent non-linear optical properties, robustness and ease of fabrication [2] . Ferroelectric domain patterning in LiNbO 3 is, in general, performed via electric field poling, thereby reversing the direction of the spontaneous polarization by locally applying an electric field along the polar z-axis of the crystal, exceeding the so-called coercive field [3] . As a consequence, electric field poling is normally applied to z-cut crystals, with the electrodes defined via a photolithographic process. However, several applications, such as angle-tuned second-harmonic generation in y-cut LiNbO 3 [4] , require non-polar LiNbO 3 cuts. Here, domain structuring can only be accomplished by firstly fabricating ridge-waveguiding structures, which then allow for the application of electrodes necessary for electric field poling. This is a cumbersome process and only a single ridge-waveguide can be poled at a time [5] . Recently, a novel domain patterning method has been introduced where domains can be generated in a single step on the x-and y-face of LiNbO 3 crystals by scanning a focused UV laser beam across the crystal surface [6] . The UV laser light is strongly absorbed at the very surface [7] , creating a localized heat profile with a strong temperature gradient between the irradiated surface and directly adjacent material [6, 8] . The temperature profile and temperature gradient are illustrated in Fig. 1 (a) and (b) . The local heating and cooling can induce bulk screening effects, which are a result of the increased conductivity and the pyroelectric effect. These screening effects can influence or even cause domain inversion [9] [10] [11] . However, it seems to be more likely that the strong temperature gradient induces a bipolar thermoelectric field, which causes domain inversion [12] . The thereby induced thermoelectric field can be written as E = QdT , where Q is the thermoelectric power tensor and dT is the temperature gradient [12] . The domain inversion process is illustrated in Fig. 1 (c) , where the negative part of the bipolar electric field causes domain inversion, if the coercive field at the elevated temperature is exceeded. When the focused UV laser beam is moved across the crystal surface, it depends on the trailing part of the bipolar field whether a domain is written or not [6] . If the laser beam is scanned along the crystallographic −z direction, the leading part of the bipolar field is positive, which is oriented in the direction of the crystal polarization and therefore doesn't affect it. However, the trailing part of the bipolar field is negative, which is oriented opposite to the direction of the crystal polarization, resulting in the formation of a domain. Hence, the term domain 'writing' is used. If, on the other hand, the laser beam is scanned along the +z direction, the leading part of the bipolar field is negative and therefore inverts the polarization of the crystal. However, the trailing part of the bipolar field is positive, which is oriented opposite to the polarization direction of the previously inverted domain and therefore inverts it again. The resulting polarization is therefore identical to the original crystal polarization, such that over all, no domain forms. This means that, if the laser beam is scanned along the +z direction on a previously written domain (scanned along the −z direction), the trailing part of the bipolar field is positive and therefore opposite to the direction of the crystal polarization. As a consequence, a previously UV-written domain can be reversed again to the original crystal polarization by scanning the laser beam on its way back, hence the term domain 'erasure' is used in the following. As a consequence of the ability to write and erase domains, it should be possible to firstly write a domain of a particular width, and then subsequently erase it partially. Using such a scheme, it should be possible to tailor domains, which are smaller than the focused laser beam diameter. In this contribution, we present such tailored domain structures with various domain widths.
Experimental Methods
In our experiment, the −y face of a congruent LiNbO 3 crystal was irradiated by focused UV laser light with a wavelength of 244 nm, which was provided by a frequency doubled argon ion laser. The UV laser light was focused to a beam diameter of 7 µm by a lens with a focal length of 40 mm. The scanning of the UV laser tracks was accomplished by the use of a three axis translation stage, which maintained the scanning velocity for all scans constant at 0.1 mm/s.
Domain Modification at the Surface
To form tailored domains, the focused UV laser beam (I = 2.9 × 10 5 W/cm 2 ) was scanned along the crystal surface as illustrated in Fig. 2 . The laser beam was first scanned in the +z direction (1), which should have no effect on the crystal polarization. The focal spot was then shifted in the +x direction by ∆x and the beam was then scanned in the −z direction (2) writing a domain. The focal spot was again shifted by ∆x and the beam was scanned in the +z direction (1') erasing part of the previously written domain. The sequence continued with alternating scans in the −z and +z direction each offset with a +x translation of ∆x. The first scan (1) was done to compare the piezoresponse force microscopy (PFM) response of an erasing scan on a virgin crystal to an erasing scan on a previously written domain. The length of each of these four scanned lines was 3 mm. The shutter was closed for the displacement ∆x along the x-direction and ∆x was kept constant for each written pattern. A number of patters were produced with ∆x varying from 2 µm to 7 µm. To visualize the resulting domain pattern on the y-cut crystal, PFM was used. PFM detects the local piezoelectric deformation due to the applied electric field from the tip of a scanning force microscope [13] . The PFM records simultaneously also the topography, which is used to analyse the surface of the irradiated area. Fig. 2 Scanned UV laser light tracks on the first sample (corresponds to the results in Fig. 3) , where (1) and (1') would erase domains, (2) and (2') would write domains. For the displacement ∆x along the x-direction, the shutter was closed. Please note, that the thickness of the scanning lines in this figure does not correspond to the width of the irradiated laser tracks. In the experiment the laser tracks actually overlap with each other.
Domain Depth Profile Investigation
In a second experiment, we wrote multiple UV tracks again on the −y face of a congruent LiNbO 3 crystal, with an intensity of 3.5×10 5 W/cm 2 , to investigate the evolution of the domains into the depth. The tracks were scanned sequentially in −z and +z direction to generate three patterns with a spacing of ∆x = 2, 3 and 4 µm, respectively. Afterwards, the crystal was diced perpendicular to the scanned line and polished to optical grade, which revealed the z-face cross section. Next, the cross section was etched in hydrofluoric (HF) acid, which preferentially etches the −z face [14] , transferring the depth profile of the domain pattern into a surface topography, which finally was imaged using SEM. Fig. 3 (a) to (f) present the PFM results of the written and erased domains of the UV laser light scanning structure, which is illustrated in Fig. 2 , for a translation stage movement in +x direction ranging between ∆x = 2 µm and 7 µm from (a) to (f), respectively. It can be seen that the directly written domain (left bright stripe), which corresponds to track (2) in Fig. 2 , is partially erased by track (1') after shifting the laser scan trajectory by less than focal beam width (2 µm to 7 µm for Fig. 3 (a) to (f), respectively) . The PFM images also show that the boundaries of the written and erased domains appear to be not well-defined, compared to a traditional domain boundary produced by the application of an external electric field. Additionally, it can be seen that the two erased scanning Fig. 3 PFM images of the UV-written domains, which were generated by scanning the focused UV laser light across the crystal surface as depicted in Fig. 2 . The spacing between the UV tracks was varied from ∆x = 2 to 7 µm for (a) to (f), respectively. The width of the written domains, can be identified on the right domain of each PFM picture and corresponds to the focal beam width of 7 µm.
Experimental Results

Domain Modification at the Surface
lines, which correspond to the lines (1) and (1') in Fig.  2 , both show the same color-level, which is also similar to the color-level of the virgin LiNbO 3 crystal. This implies that they have similar piezoelectric properties and hence a similar polarization orientation and strength. The width of the written domain can be identified from the right bright stripe in each PFM picture (track (2')) and corresponds to the focused beam diameter of 7 µm. In the PFM images there is also evidence of thermal damage on the surface. This surface damage can also be seen in Fig. 4 (a) , which presents the topography of the UV-written tracks for a spacing of ∆x = 4 µm. Fig.  4 (b) shows the height signal of one line scan in (a) as a function of the x-axis. From these topography measurements it can be seen that the UV irradiation manifests as an uneven surface, with surface irregularities as high as 130 nm. Fig. 4 (a) shows the topography of the UV tracks, which where written with a spacing of ∆x = 4 µm. (b) presents the height signal of one line scan in picture (a) as a function of the x-axis. It can be seen that the UV irradiation modifies the surface topography, resulting in surface irregularities as high as 130 nm.
Domain Depth Profile Investigation
Fig . 5 shows the cross sections of the UV-written and erased domains of the second sample, from which the depth profile of the domains can be identified. The HFetched cross sections indicate that the domains have a 'half-crescent-shaped' depth profile with a maximum depth of 2.5 µm. The white, dashed line on the right side in Fig. 5 (a) is drawn to guide the eye and to highlight the domain shape. Cracks and surface damage, originating from the thermal stress during domain formation are clearly visible, enhanced by the 2 hour HF etching process. Also evident in Fig. 5 (a) is a kind of an undercut etch band below the tailored domains, which is ∼500 nm thick. In Fig. 5 (a) to (c) it can also be seen that the width of the 'half-crescent-shaped' domains increases with wider line spacing ∆x. However, the 'half-crescentshaped' domain profile itself doesn't change significantly for the shown spacings. Fig. 5 (a) even shows, that for small ∆x the 'half-crescent-shaped' domains can overlap each other, which means that the tip of one domain lies under the body of the next domain.
Discussion
A potential explanation of the observed 'half crescent shape' domain profile in Fig. 5 is illustrated in Fig.  6 , where in (a) the shape of the domain generated by scanning the focused UV laser light along the −z direction is shown. After shifting the beam by ∆x, the previously written domain is partially erased by scanning the UV laser beam along the +z direction, which is shown in Fig. 6 (b) . The resulting domain shape is 'half-crescent-shaped'. In Fig. 6 (c) the steps in (a) and (b) were repeated four times, resulting in four tailored domains. The z-face of this illustration looks similar to the domain depth profile observed in Fig. 5 . The not well-defined domain boundaries in the PFM images in Fig. 3 can be explained by the depth resolution of the PFM in combination with the 'half-crescentshaped' depth domain profile. The depth resolution of the PFM measurements in LiNbO 3 is approximately 1.7 µm [15] . By scanning the PFM tip across the surface above the domain boundary, a superposition of both domains (inverted and not inverted domain) laying on top of each other is detected, resulting in a not well-defined PFM signal across the domain boundary. Therefore, this PFM signal should not be interpreted as a not well-defined domain boundary, it should most probably be interpreted as an inclined domain bound-ary. This is also in agreement with the observed domain boundaries in Fig. 5 , which appear rather well-defined. The surface damage and cracks, which can be observed in Fig. 4 and Fig. 5 are common features of this domain engineering technique and have been previously reported by Steigerwald et al. [6] and by Muir et al. [16] . Also, a similar structure to the observed undercut etch band below the tailored domains in Fig. 5 has been observed by Ying [17] , when focused UV laser light was used for generating a poling inhibited area. In this case it was termed as an etch frustrated region, possibly due to presence of nanodomains. However, further analysis is needed in order to understand this effect. The limitation of this method was found to be at a tailored domain width of approximately 2 µm, which is ∼30% of the focused laser beam diameter. Indeed, reducing the width of the UV laser beam should allow generation of domains with even smaller widths. This would enable tailor-made domain patterns with a submicron periodicity, which could potentially be used for backwards propagating non-linear optical processes [18] and should help pave the way for new nonlinear integrated optic devices in LiNbO 3 . The observed inclined 'half-crescent-shaped' domain profile is significantly different to the vertical domains achieved by traditional electric field poling. However, these structures could be considered a 'blazed' grating and may offer some advantages when attempting to couple modes of different orders within a surface waveguide or indeed for launching a generated beam out of the surface of the device, for example the use of difference frequency generation to form THz beams [19] .
Conclusion
It is confirmed that domains with a width down to ∼2 µm, which is ∼30% of the focused laser beam diameter, can be obtained by partially erasing a previously written domain using a counter-propagating scan on the non-polar faces of LiNbO 3 . The depth of the UVwritten domain is on the order of microns, which would enable applications in integrated non-linear optics. New waveguide engineering methods [20] could be utilized to ensure a sufficient overlap between the guided light and the domain pattern. Balancing these advantages is the occurrence of thermal damage introduced on the surface. The impact of this damage on the propagation loss of UV-domainpatterned waveguides and techniques to minimize this impact is currently under investigation.
